Somatic mutations in exon 2 of the RNA polymerase II transcriptional Mediator subunit MED12 occur at high frequency in uterine fibroids (UFs) and breast fibroepithelial tumors as well as recurrently, albeit less frequently, in malignant uterine leimyosarcomas, chronic lymphocytic leukemias, and colorectal cancers. Previously, we reported that UF-linked mutations in MED12 disrupt its ability to activate cyclin C (CycC)-dependent kinase 8 (CDK8) in Mediator, implicating impaired Mediator-associated CDK8 activity in the molecular pathogenesis of these clinically significant lesions. Notably, the CDK8 paralog CDK19 is also expressed in myometrium, and both CDK8 and CDK19 assemble into Mediator in a mutually exclusive manner, suggesting that CDK19 activity may also be germane to the pathogenesis of MED12 mutation-induced UFs. However, whether and how UF-linked mutations in MED12 affect CDK19 activation is unknown. Herein, we show that MED12 allosterically activates CDK19 and that UF-linked exon 2 mutations in MED12 disrupt its CDK19 stimulatory activity. Furthermore, we find that within the Mediator kinase module, MED13 directly binds to the MED12 C terminus, thereby suppressing an apparent UF mutation-induced conformational change in MED12 that otherwise disrupts its association with CycC-CDK8/19. Thus, in the presence of MED13, mutant MED12 can bind, but cannot activate, CycC-CDK8/19. These findings indicate that MED12 binding is necessary but not sufficient for CycC-CDK8/19 activation and reveal an additional step in the MED12-dependent activation process, one critically dependent on MED12 residues altered by UF-linked exon 2 mutations. These findings confirm that UF-linked mutations in MED12 disrupt composite Mediator-associated kinase activity and identify CDK8/19 as prospective therapeutic targets in UFs.
Somatic mutations in exon 2 of the RNA polymerase II transcriptional Mediator subunit MED12 occur at high frequency in uterine fibroids (UFs) and breast fibroepithelial tumors as well as recurrently, albeit less frequently, in malignant uterine leimyosarcomas, chronic lymphocytic leukemias, and colorectal cancers. Previously, we reported that UF-linked mutations in MED12 disrupt its ability to activate cyclin C (CycC)-dependent kinase 8 (CDK8) in Mediator, implicating impaired Mediator-associated CDK8 activity in the molecular pathogenesis of these clinically significant lesions. Notably, the CDK8 paralog CDK19 is also expressed in myometrium, and both CDK8 and CDK19 assemble into Mediator in a mutually exclusive manner, suggesting that CDK19 activity may also be germane to the pathogenesis of MED12 mutation-induced UFs. However, whether and how UF-linked mutations in MED12 affect CDK19 activation is unknown. Herein, we show that MED12 allosterically activates CDK19 and that UF-linked exon 2 mutations in MED12 disrupt its CDK19 stimulatory activity. Furthermore, we find that within the Mediator kinase module, MED13 directly binds to the MED12 C terminus, thereby suppressing an apparent UF mutation-induced conformational change in MED12 that otherwise disrupts its association with CycC-CDK8/19. Thus, in the presence of MED13, mutant MED12 can bind, but cannot activate, CycC-CDK8/19. These findings indicate that MED12 binding is necessary but not sufficient for CycC-CDK8/19 activation and reveal an additional step in the MED12-dependent activation process, one critically dependent on MED12 residues altered by UF-linked exon 2 mutations. These findings confirm that UF-linked mutations in MED12 disrupt composite Mediator-associated kinase activity and identify CDK8/19 as prospective therapeutic targets in UFs.
The fate of individual cells during the course of metazoan development and maturation, including the decision to proliferate, differentiate, or die, is critically dependent on controlled expression of enhancer-dependent transcriptional programs enforced by signal-activated transcription factors. The regulatory activity of these mobilized transcription factors is often realized with the assistance of Mediator, a conserved multiprotein interface between enhancer-bound regulators and the RNA polymerase II (Pol II) 3 machinery assembled on core promoters (1, 2) . In this capacity, Mediator has been proposed to function as a biochemical "bridge" through which the regulatory information conveyed by chromatin-bound transcription factors is converted to transcriptional output via control of Pol II recruitment (3, 4) . Nonetheless, Mediator has also been shown to control and coordinate multiple steps in the transcription process following Pol II recruitment, including early initiation events linked to Pol II promoter escape, Pol II pausing and elongation, and co-transcriptional RNA processing (3, 5) .
Structurally, Mediator is assembled from a set of core subunits (26 in humans) arranged into 3 distinct modules, termed "head," "middle," and "tail," that bind tightly to Pol II in the so-called "holoenzyme" (6 -9) . A fourth "kinase" module exists in variable association with core Mediator, and is nominally comprised of 4 subunits designated MED13, MED12, Cyclin C (CycC), and cyclin-dependent kinase 8 (CDK8) (3, 10, 11) . Vertebrate paralogs of all kinase module subunits with the exception of CycC have been identified, including MED13L, MED12L, and CDK19 (3, 12) . Significantly, prior mass spectrometric-based proteomic analyses indicate that kinase module paralogs assemble into Mediator in a mutually exclusive manner, raising the likelihood that multiple, compositionally distinct Mediator-kinase complexes exist in mammalian cells (13) .
Functionally, the kinase module has been implicated in both activation and repression of transcription through mechanisms that are both dependent and independent of its resident CDK activity. CDK-dependent transcription control by Mediator appears to be mechanistically complex and substrate diverse, with targeted phosphorylation events linked to transcription factor turnover, Pol II activity, and chromatin chemistry and functional status (3, 5) . Notably, the Mediator kinase module represents a major conduit and variable resistor of signal transduction through Mediator, and mounting evidence suggests that MED12-dependent CDK8 activity is a critical determinant of signal strength and transmission. First, Mediator kinase activity has been implicated as a positive or negative modulator of key developmental and oncogenic signaling pathways with which MED12 itself has been linked biochemically and/or genetically, including the WNT, Sonic hedgehog, Notch, and transforming growth factor ␤ pathways, among others (3, 14 -21) . Second, MED12 is an established activator of CycC-CDK8 in Mediator (22, 23) . In this regard, CDK8 is atypical among cyclin-dependent kinases (CDKs) in its biochemical mode of activation. Thus, although the association of CDK8 with CycC promotes an active conformation through relief of a steric block to the catalytic cleft in accordance with the conserved mechanism of CDK activation, CDK8 does not undergo subsequent phosphorylation within its activation loop, an event commonly required for complete activation of other CDKs (3, 24, 25) . Instead, CDK8 is activated through an otherwise obscure allosteric mechanism that nonetheless has been shown to require direct binding of the MED12 N terminus to a phylogenetically conserved surface groove on CycC (22, 23) .
The biological significance of MED12-dependent CDK8 activation in Mediator is suggested by the recent discovery that oncogenic mutations in MED12 disrupt its allosteric regulation of CDK8 (23, 26) . In this regard, mutations in exon 2 of the Xq13 gene encoding MED12 occur at high frequency (59 -80%) in benign stromal tumors of the uterus (uterine leiomyomas) and breast (breast fibroadenomas and phyllodes tumors) (27) (28) (29) (30) . Furthermore, MED12 exon 2 mutations have been found to occur recurrently, albeit less frequently, in malignant uterine leiomyosarcomas (7-30%), chronic lymphocytic leukemias (5%), and colorectal cancers (0.5%) (3, 31, 32) . Among the tumor types in which MED12 exon 2 mutations have been identified, the oncogenic potential of these mutations has been most convincingly demonstrated for uterine leiomyomas.
Uterine leiomyomas (uterine fibroids; UFs) are benign monoclonal neoplasms of the myometrium and represent the most common gynecologic tumor among reproductive age women (33) (34) (35) . Although benign, UFs nonetheless account for significant morbidity; they are the leading indication for hysterectomy and a major source of gynecologic and reproductive dysfunction, ranging from profuse menstrual bleeding and pelvic pain to infertility, recurrent miscarriage, and pre-term labor (33) (34) (35) . The majority of UF-linked mutations in MED12 (ϳ60%) are missense mutations that precipitate substitutions at three highly conserved MED12 amino acids: Leu-36, Gln-43, and Gly-44 (28, 29) . The remaining ϳ40% of MED12 mutations linked to UFs correspond to missense mutations at other residues or small in-frame insertions and deletions (28, 29) . Along with their high-frequency occurrence, two additional lines of genetic evidence strongly support the notion that MED12 mutations are drivers of UF formation. First, monoallelic expression of mutant MED12 from the X chromosome has been observed in all tumors duly examined, indicating the requirement for a functionally altered allele during tumorigenesis (3, 28, 36) . Second, conditional expression of a UF-linked MED12 mutant transgene in the mouse uterus elicits tumor formation, providing direct genetic proof of disease causality (37) . However, the impact of these mutations on MED12 function and the molecular basis for their tumorigenic activity remain to be fully established. In this regard, it is notably that all UF-linked exon 2 mutations in MED12 thus far identified reside exclusively within its CycC-CDK8 binding and activation domain (aa 1-100), suggesting that Mediator kinase disruption is the principal biochemical defect arising from these genetic alterations (23, 28, 29) . Recently, we confirmed this prediction by showing that UF-linked exon 2 mutations in MED12 disrupt its ability to bind to CycC and activate CDK8 (23) . Our discovery that UF-linked exon 2 mutations in MED12 disrupt its CycC-CDK8 activation function represents the first description of a molecular defect arising from these mutations and further implicates aberrant CDK8 activity in UF pathogenesis. Nonetheless, in addition to CDK8, its paralog CDK19 is also expressed in myometrium and UF tissues (23) . Because these paralogous subunits assemble into the Mediator kinase module in a mutually exclusive manner, the extent to which the tumorigenic potential of MED12 mutations derives from disruption of Mediator-associated CDK8 versus CDK19 activity is therefore presently unclear.
CDK19 (also known as CDK11, CDK8L, and CDC2L6) was originally identified as a CDK8 paralog through a bioinformatics-based homology screen of existing DNA sequence databases and thereafter linked directly to Mediator via mass spectrometric-based analysis of Mediator complexes immunopurified from mammalian cells (38 -41) . Despite extensive sequence homology between CDK8 and CDK19 (ϳ76 and ϳ83% sequence identity and similarity, respectively), the two paralogs nonetheless differ in certain biological and structural aspects. Thus, whereas CDK8 is ubiquitously expressed, CDK19 is restricted in its tissue distribution, with reported expression limited to salivary gland, thymus, testis, prostate, and uterus (23, 42) . Furthermore, whereas the two paralogs share extensive sequence homology within their CycC-binding and catalytic kinase domains (80 and 97%, respectively), they nonetheless exhibit considerable sequence divergence in their corresponding C termini (12, 39) . These differences may in part underlie the observation that CDK8 and CDK19 confer distinct transcriptional regulatory properties on Mediator. For example, biochemical studies have revealed that CDK8 -Mediator supports, whereas CDK19 -Mediator suppresses, herpes simplex virus VP16 transactivation domain function (41) . Furthermore, comparative genome-wide expression profiling analyses revealed distinct gene sets uniquely regulated by CDK8 or CDK19, further highlighting their independent roles in transcription (42) .
Notwithstanding the divergent transcriptional regulatory properties of CDK8 and CDK19, which may reflect differences Oncogenic MED12 mutations disrupt CDK8/19 activity in their respective tissue distribution patterns and/or substrate selectivity, the high degree of sequence homology within their corresponding CycC-binding and catalytic kinase domains implies a common biochemical mode of action, including possible allosteric regulation by MED12. However, whether and how MED12 activates CDK19, and the impact of UF-linked MED12 mutations on CDK19 activation, is presently unknown. Herein, we show for the first time that MED12 is an allosteric activator of CDK19 and, furthermore, that UF-linked mutations in MED12 disrupt its CDK19 stimulatory activity. We also identify dynamic subunit interactions within the Mediator kinase module that offer new insight concerning allosteric regulation of CDK8/19 by MED12. In this regard, we show that MED13 binds directly to the C terminus of MED12, thereby suppressing a tumorigenic mutation-induced conformational change in MED12 that otherwise disrupts its association with CycC-CDK8/19. Thus, in the presence of MED13, mutant MED12 can bind to, but not activate, CycC-CDK8/19. Together, these findings indicate that MED12 binding is necessary but not sufficient for CycC-CDK8/19 activation, and identify an additional step in the MED12-dependent activation process, one that is critically dependent on MED12 residues altered by oncogenic exon 2 mutations. We discuss the implications of these novel findings for the regulation of Mediator kinase activity and the molecular basis of MED12 in UF pathogenesis.
Results

MED12 activates CycC-CDK19
Previously, we and others found that MED12 activates CycC-CDK8 within the Mediator kinase module (22, 23) . Mechanistically, we showed that this occurs through a direct interaction between the MED12 N terminus and a surface groove on CycC that lies spatially distant (ϳ22 Å) from the CycC-CDK8 binding interface within the CycC-CDK8 crystal structure (23, 24) . In this regard, the CDK8 interaction surface on CycC comprises ␣-helices within the first of two canonical repeats of the CycC box fold along with N-and C-terminal helices, whereas the CycC surface groove to which MED12 binds is located between the two CycC repeats (24) . Thus, CycC can accommodate simultaneous association with both MED12 and CDK8 through distinct binding surfaces, leading to the formation of a ternary MED12-CycC-CDK8 complex that is required for full CDK8 activation. Notably, CDK8 and CDK19 share extensive sequence homology within their corresponding CycC-binding and catalytic kinase domains, suggesting that CDK19, like CDK8, may be similarly activated by MED12.
To test this, we examined the impact of MED12 on CycC-CDK19 kinase activity in vitro using recombinant baculovirusexpressed human kinase module subunits. To this end, FLAGspecific immunoprecipitates from insect High Five cells co-expressing FLAG epitope-tagged CDK19 (CDK19 -FLAG) and CycC without or with MED12 were monitored for the level of CDK19 kinase activity in the presence of [␥-32 P]ATP and a recombinant peptide substrate corresponding to 3 tandem copies of the consensus RNA Pol II C-terminal domain (CTD) heptapeptide repeat sequence (23) . Parallel reactions reconstituted with CDK8-FLAG were included as a positive control for the CDK stimulatory activity of MED12. Additionally, reactions reconstituted with kinase-dead derivatives of CDK8/19 were included as controls for the functional selectivity of MED12 in these experiments. Consistent with our previous findings (23), MED12 potently stimulated CycC-CDK8 kinase activity, which was otherwise negligible in its absence ( Fig. 1A) . Notably, MED12 also stimulated otherwise abeyant CycC-CDK19 kinase activity comparably to CycC-CDK8 ( Fig. 1B) . Importantly, no kinase activity was detected in reactions reconstituted with kinase-dead CDK8/19 derivatives, confirming that the stimulatory effect of MED12 in these experiments is selective for wildtype CDK8/19 (Fig. 1, A and B) . These findings reveal that MED12 is indeed an activator of CDK19. We further confirmed that MED12 activates CDK19, like CDK8, in a manner requiring its N-terminal 100 amino acids (Figs. S1 and S2), corresponding to a region on MED12 that binds directly to a phylogenetically conserved surface groove on CycC (23) .
To investigate whether MED12 activates CDK19, like CDK8, through an allosteric mechanism that involves direct interaction of its N terminus with the CycC surface groove, we monitored the impact of CycC surface groove mutations N181A and D182A on the ability of MED12 to bind and activate CycC-CDK19. Previously, we showed that these mutations disrupt the ability of MED12 to bind and activate CycC-CDK8 (23) . To this end, FLAG-specific immunoprecipitates from insect cells co-expressing MED12, CDK19 -FLAG, and WT or mutant CycC derivatives were monitored for both the presence of MED12 and the level of CDK19 kinase activity. Control reactions reconstituted with CDK8 -FLAG were included as a control for the deleterious impact of CycC surface groove mutations on MED12-dependent CDK activation. These analyses confirmed our prior observations that mutagenic disruption of the CycC surface groove severely impaired MED12 binding and consequent activation of CDK8 ( Fig. 2A ). Importantly, disruption of the MED12-binding interface on CycC also drastically compromised CDK19 activity ( Fig. 2B ), indicating that MED12 stimulates both CDK8 and CDK19 through a similar allosteric mechanism involving direct interaction of MED12 with CycC.
UF-linked mutations in MED12 disrupt its CycC-CDK19 stimulatory activity
We previously showed that UF-linked mutations in MED12 disrupt its CycC-binding interface, leading to reduced interaction with and activation of CycC-CDK8 (23) . Our observation that MED12 also activates CycC-CDK19, coupled with the fact that CDK19, like CDK8, is expressed in both myometrium and UF tissues ( Fig. S3 ) led us to ask whether UF-linked mutations in MED12 similarly disrupt its CycC-CDK19 binding and activation functions. To test this, we monitored the subunit composition and activity of recombinant baculovirus-expressed kinase module variants reconstituted with WT MED12 or UF mutants L36R, Q43P, or G44S. Accordingly, FLAG-specific immunoprecipitates from insect cells co-expressing FLAGtagged CDK19, CycC, and either WT or mutant MED12 derivatives were monitored for the presence of MED12 and the level of CDK19 kinase activity. As a control for the deleterious impact of UF-linked MED12 mutations on CDK activity, we Oncogenic MED12 mutations disrupt CDK8/19 activity performed a parallel set of reactions reconstituted with FLAGtagged CDK8. Consistent with our prior observations (23) , all three of the UF-linked MED12 mutants were severely compromised, compared with WT MED12, for their respective CycC-CDK8 binding and activation functions ( Fig. 3A) . Notably, all three of the UF-linked MED12 mutant derivatives were similarly severely defective for CycC-CDK19 binding and activation ( Fig. 3B ). These findings extend the immediate collateral defects associated with UF-linked mutations in MED12 beyond CDK8 to include its paralog CDK19, suggesting that disruption of composite Mediator-associated CDK activity is a likely biochemical defect arising from these tumorigenic MED12 mutations.
MED12 binding is necessary but not sufficient for activation of CycC-CDK8/19
Our observation that mutagenic disruption of the MED12-CycC interface severely impairs MED12-dependent CDK8/19 activation supports the notion that MED12 binding is necessary for CycC-CDK8/19 activation. Nonetheless, whether MED12 binding is also sufficient for CycC-CDK8/19 activation is indeterminable based on our initial experimental design and therefore remains to be established. Notably, our initial in vitro binding and kinase assays were reconstituted in the absence MED13 and therefore included only three of four Mediator kinase module subunits: MED12 (WT or mutant), CycC, and CDK8 or CDK19. These conditions were employed based on our prior observations that MED13 does not appreciably impact the integrity or activity of a trimeric MED12 (WT)-CycC-CDK8 submodule assembly (23) . Nonetheless, as naturally occurring Mediator complexes in vivo bear intact four-subunit kinase modules, we sought to investigate the impact of MED13 on the association of UF-linked mutant MED12 derivatives with CycC-CDK8/19. To this end, we repeated in vitro binding and kinase assays using WT or mutant MED12 kinase modules reconstituted from all four subunits, including MED13, MED12, CycC, and CDK8/19 -FLAG. Notably, all of the mutant MED12 derivatives were co-precipitated from insect cell lysates by FLAG-specific antibodies comparably to WT MED12, indicating that UF-linked mutations in MED12 do not aberrantly affect its stable incorporation into a four-subunit kinase module (Fig. 4, A and B) . Strikingly, the addition of MED13 suppressed the deleterious impact (otherwise observed in its absence) of UF-linked mutations in MED12 on its interaction with CycC-CDK8/19 without rescuing activation. Thus, whereas CycC and CDK8/19 were comparably present in WT and mutant MED12-reconstituted four-subunit kinase modules, CDK activity was nonetheless severely compromised in the latter (Fig. 4, A and B) . Note that these reactions were carried out under conditions in which MED13 was saturating for quaternary (MED13-MED12-CycC-CDK) complex formation, ensuring that diminished kinase activity associated with mutant MED12-containing complexes was not attributable to reduced association of CycC-CDK8/19 from residual ternary (MED12-CycC-CDK) complexes ( Fig. S4 ). Together, these 
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results indicate that MED12 binding is necessary but not sufficient for CycC-CDK8/19 activation, and imply an additional step in the activation process, one dependent on MED12 residues (Leu-36, Gln-43, and Gly-44) frequently altered by oncogenic mutations. Because MED13 binds directly to MED12, but not to CycC or CDK8/19 (23), we conclude that MED13 likely renders mutant MED12 derivatives capable of binding CycC-CDK8/19 through a conformational constraint(s) within MED12 induced by direct protein-protein interactions between MED13 and MED12.
MED13 binds to the MED12 C terminus that otherwise disrupts the interaction of UF-linked MED12 mutant derivatives with CycC-CDK8/19
Within the Mediator kinase module, we and others have previously shown that MED12 occupies a central architectural role as a link between MED13 and CycC-CDK8 (11, 23) . Thus, MED12 binds directly to CycC, which in turn binds to CDK8. MED12 also binds directly to MED13, which does not bind to either CycC or CDK8. To understand how MED13 suppresses the deleterious impact of UF-linked mutations in MED12 on its interaction with CycC-CDK8/19, we mapped the MED13binding domain on MED12. To this end, individual GST-MED12 protein fragments spanning the entire length of the MED12 protein were tested for their respective abilities to bind recombinant baculovirus-expressed full-length MED13. This analysis identified the principal MED13-binding domain on MED12 to encompass the C terminus of MED12 (aa 1616 -2177) (Fig. 5, A and B) .
The observation that MED13 binds to the MED12 C terminus prompted us to investigate whether the MED12 C terminus contributes to the inability of UF-linked MED12 mutant derivatives to bind to CycC-CDK8/19 in the absence of MED13. To do this, we tested the ability of WT and UF-linked MED12 mutant derivatives lacking their C termini to bind and activate CycC-CDK8/19. Thus, WT or mutant GST-MED12 truncation derivatives (comprising MED12 aa 1-330 and thus lacking the entire MED12 C terminus) were incubated with baculovirus-expressed CycC-CDK8/19 prior to processing of protein complexes by immunoblot analysis and in vitro kinase assay. 
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Strikingly, UF-linked MED12 mutants L36R, Q43P, and G44S, none of which bound to CycC-CDK8/19 in the context of fulllength MED12 (Fig. 3) , nonetheless, bound CycC-CDK8/19 comparably to unmutated MED12 in the context of C-terminally-truncated MED12 (Fig. 5, C and D) . Notably, despite their CycC-CDK8/19-binding proficiencies, all three UF-linked MED12 mutant derivatives were severely defective in their CycC-CDK8/19-stimulatory activities (Fig. 5, C and D) , once again demonstrating that MED12 binding is necessary but not sufficient for CDK8/19 activation. Importantly, the CycC-CDK8/19-binding and stimulatory activities of all three UFlinked MED12 mutants examined in the context of C-terminally-truncated MED12 recapitulate those observed in the context of full-length MED12 in the presence of MED13. Because MED13 binds directly to the MED12 C terminus, we speculate that MED13 suppresses a UF mutation-induced conformational change in MED12, one involving its C terminus, which otherwise disrupts its association with CycC-CDK8/19. These findings provide new insight regarding subunit interaction dynamics within the Mediator kinase module and suggest that UF-linked mutations in MED12 disrupt Mediator kinase activity without uncoupling CycC-CDK8/19 from MED12 in Mediator.
Mediator kinase activity is selectively disrupted in MED12 mutant UFs
To validate these findings in a clinically relevant setting, we comparatively assessed MED12-specific immunoprecipitates from patient-derived MED12 WT and mutant UF tumors for Mediator kinase module integrity and activity. For these experiments, matched tumor samples from patients harboring WT and L36R, Q43P, or G44S mutant MED12 tumors were used for analyses. Notably, all of the mutant MED12 derivatives were expressed and co-precipitated Mediator subunits comparably to WT MED12, indicating that UF-linked mutations in MED12 do not aberrantly affect its stable expression or incorporation into Mediator (Fig. 6 , A-C, top panels). Strikingly, whereas CycC, CDK8, and CDK19 were comparably present in WT and mutant MED12-Mediator complexes, Mediator-associated CDK activity was nonetheless significantly impaired in the latter (Fig. 6, A-C, bottom panels) . These findings reveal for the first time that Mediator kinase activity is uniquely disrupted in MED12-mutant UFs, and thus provide further evidence to implicate altered CDK8/19 activity in the pathogenesis of MED12 mutation-positive UFs.
Discussion
Genetic and biochemical studies have established the Mediator kinase module as a major conduit of developmental and oncogenic signaling through Mediator, and much of its function and pathological dysfunction in signal-dependent gene regulation has been attributed to the MED12-dependent CDK8 activity. Comparably less is known regarding the function and regulation of the CDK8 paralog CDK19 within Mediator, including whether and how WT or oncogenic mutant forms of MED12 impact CDK19 activity. Nonetheless, because CDK19 
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is coexpressed with CDK8 in human myometrium and the two paralogs incorporate into Mediator in a mutually exclusive manner, these questions are particularly relevant to pathogenesis of MED12-mutant UFs, in which MED12 driver mutations account for ϳ70% of tumors.
Canonical CDKs are typically activated sequentially, first through cyclin-induced structural alterations leading to partial activation, and subsequently, by phosphorylation-triggered T-loop reorientation that culminates in complete activation (43) (44) (45) . Notably, CDK8 is an atypical CDK in several respects, and these unique features underlie its apparent distinct mode of activation. First, CDK8 is unique among CDKs in its mode of interaction with CycC. For example, the cyclin-associated element, present in all CDKs (PFTAIRE or PCTAIRE), is significantly divergent in CDK8 (SMSACRE) (25) . Notably, CDK19 also harbors this unique cyclin-associated element, indicating that CDK19 may interact similarly with CycC (25) . Second, CDK8 activation occurs in the absence of T-loop phosphorylation, and also relies on an alternative MED12-dependent mechanism through which requisite conformational change in its ATP-binding site is apparently achieved. The fact that CDK8 and CDK19 share extensive sequence homology within their corresponding CycC-binding and catalytic kinase domains suggested that CDK19, like CDK8, might also be activated by MED12. Herein, we confirmed this prediction and demonstrate for the first time that MED12 activates both CDK8 and CDK19 through a similar, if not identical, mechanism that involves direct binding of MED12 exon 2-encoded sequences with a negatively charged surface groove on CycC. We found that disruption of the MED12-CycC interface by reciprocal mutations on either face impaired CDK8/19 activity, thus invoking allostery as a mechanistic basis for MED12-dependent CDK8/19 activation. Our observation that CDK8 and CDK19 are similarly activated by MED12 suggests that differences in gene expression programs controlled by the two paralogs likely reflect differences in their tissue-specific expression patterns and/or respective substrate selectivities as opposed to inherent differences in their biochemical mode of regulation in Mediator. Alternatively, or additionally, it is possible that differences in their respective gene regulatory properties could reflect unique kinase-independent functions for CDK8 and CDK19 in Mediator (46) .
Previously, we showed that UF-linked driver mutations in MED12 disrupt its ability to bind and activate CycC-CDK8 in Mediator (23) . Herein, we demonstrate that the same tumorigenic mutations in MED12 also disrupt its CycC-CDK19 binding and activation function, suggesting that loss of composite Mediator-associated kinase activity is likely a principal bio- depicted (B, bottom panel) . Input corresponds to 10% cell lysate used in binding reactions. C and D, glutathione-Sepharose-immobilized GST-MED12(1-330) derivatives (WT or mutants L36R, Q43P, G44S) as indicated were incubated with whole cell lysates from insect cells co-expressing baculovirus-produced CDK8 -FLAG/CycCH 6 (C) or CDK19 -FLAG/CycCH 6 (D). Bound proteins were either eluted with Laemmli sample buffer and processed by Western blot (WB) using the indicated antibodies (top panels) or subjected to in vitro kinase assay prior to resolution by SDS-PAGE and PhosphorImager analyses (bottom panels). Input corresponds to 10% of cell lysate used in binding reactions. Horizontal arrows indicate the presence of specified Mediator subunits in parallel reactions. 32 P-Labeled GST-CTD levels were quantified and expressed relative to the level in the CDK8 (or CDK19)-CycC-MED12(1-330) WT reaction. Data represent the average Ϯ S.E. of 3 independent experiments. Asterisks denote statistically significant differences versus WT (Student's t test, ***, p Ͻ 0.001).
chemical defect arising from these pathogenic mutations. We validated these findings in patient-derived UF tumors samples, revealing for the first time that Mediator kinase activity is selectively impaired in MED12 mutant tumors compared with MED12 WT tumors. Notably, our biochemical studies indicate that tumorigenic MED12 exon 2 mutations are loss of function mutations, a conclusion at apparent odds with a recent report based on a genetic mouse model that mutant MED12 drives UF formation through an apparent gain of function mechanism (37) . In this genetic model, somatic expression of a mutant MED12 transgene was sufficient to drive UF formation on an X chromosome (endogenous) MED12 null or WT background (37) . However, the observation that a mutant MED12 transgene drives UF formation in mice need not necessarily be construed as evidence that MED12 mutations are gain of function in nature, as MED12 is an integral subunit of the multiprotein Mediator. In this genetic model, MED12 in Mediator likely undergoes replacement and/or reciprocal exchange with ectopic mutant MED12, resulting in overall impaired Mediator kinase activity. Thus, mutational loss of MED12 function could be a tumorigenic trigger, implicating MED12 as possible tumor suppressor in the myometrium.
Interestingly, we observed quantitative differences among individual UF-linked MED12 exon 2 mutations with regard to their disruptive impact on Mediator-associated kinase activity, indicating that these mutations are not biochemically equivalent and may therefore span a range of tumorigenic potential in vivo. Thus, among Mediator complexes recovered from UF tissues, those harboring MED12 mutant G44S bore significantly less kinase activity than those harboring MED12 mutants L36R or Q43P. Whether these observations reflect a functional hierarchy among MED12 residues Gly-44, Leu-36, and Gln-43 within its overall mechanism of CDK8/19 activation will require further biochemical analyses using recombinant WT and mutant MED12 derivatives. Nonetheless our findings implicate altered CDK8/19 kinase activity in the pathogenesis of MED12-mutant UFs and thus identify prospective druggable targets for therapeutic intervention in this specific genetic setting.
The underlying basis by which impaired Mediator kinase activity contributes to UF pathogenesis is presently unclear, but likely involves dysregulation of signal-dependent gene expression programs that control myometrial stem cell fate. In this regard, the prevailing model for UF pathogenesis invokes the genetic transformation of a single myometrial stem cell into a tumor-initiating cell (UF stem cell) that seeds and sustains clonal tumor growth, characterized by cell proliferation and abundant extracellular matrix production, under the influence of endocrine, autocrine, and paracrine growth factor and hormone receptor signaling (47) . Given the critical role of the Mediator kinase module as an integrative hub for cell signaling in the nucleus, disruption of Mediator kinase activity through oncogenic mutations in MED12 could thus trigger widespread transcriptional reprogramming that drives myometrial stem cell transformation. To identify such programs, we previously comparatively profiled the transcriptomes MED12 WT and MED12 mutant UF tumors (36, 48) . These analyses revealed unique gene expression signatures characteristic of each genetic tumor type, and further permitted stratification of UFs into different molecular subtypes on the basis of distinct recurrent genetic alterations (i.e. driver mutations) and their corresponding unique gene expression profiles, indicative of separate pathways to tumorigenesis. Future studies comparing gene expression changes specifically in the UF stem cell compartment associated with tumorigenic mutations in MED12 as well as those incurred through independent disruption of CDK8/19 function should clarify the relative contribution of the latter to mutant MED12-driven tumorigenic pathways.
Our analyses of UF-linked mutations in MED12 and their impact on its CycC-CDK8/19 binding and activation functions Oncogenic MED12 mutations disrupt CDK8/19 activity has further revealed new insight concerning allosteric regulation of CDK8/19 by MED12 as well as hitherto unknown dynamic subunit interactions with the Mediator kinase module. In this regard, analysis of WT and mutant MED12-containing kinase modules reconstituted without and with MED13 revealed that MED13 binds to the MED12 C terminus, thereby suppressing a mutation-induced conformational change in MED12 that otherwise disrupts its association of CycC-CDK8/ 19. Thus, as validated in patient-derived tumors, UF-linked MED12 mutations disrupt Mediator kinase activity without uncoupling CycC-CDK8/19 from core Mediator (Fig. S5) . These findings reveal that MED12 binding is necessary but not sufficient for CycC-CDK8/19 kinase activation and identify an additional step in the activation process that is essentially dependent on MED12 residues mutated in UFs and other tumor types. The biochemical nature of this additional step in the CycC-CDK8/19 activation process is presently unclear. We consider it likely that MED12 residues mutated in UFs and other tumors, including Leu-36, Gln-43, and Gly-44, normally trigger a structural reconfiguration in the CDK8 activation loop (T-loop) sufficient to promote an open activation segment, rearrangements typically driven in other CDKs by T-loop phosphorylation that is absent in CDK8. These structural alterations could impact ATP and/or substrate binding. Further studies, including X-ray crystallographic analyses of WT and mutant MED12 derivatives in complex with CycC-CDK8/19 should help to resolve these biochemical details.
Finally, our finding that UF-linked MED12 mutations disrupt Mediator kinase activity without uncoupling CycC-CDK8/19 from core Mediator, validated in clinical tumor samples, has possible implications for medical treatment of UFs. Current treatment options for UFs are primarily surgical or radiological and range from hysterectomy or myomectomy to minimally invasive options, including uterine artery embolization and magnetic resonance-guided focused ultrasound (MRgFUS) (49 -51) . However, the deleterious impact of these procedures on reproductive function is clear (hysterectomy) or controversial (uterine artery embolization, magnetic resonance-guided focused ultrasound), rendering these options unsuitable for women who wish to retain future fertility (49 -51) . Likewise, hormonal therapies designed to blunt the growth-stimulatory effects of estrogen or progesterone on UF growth are contraindicated in women actively pursuing a pregnancy, and are otherwise approved only for short-term use due to long-term safety concerns (34, 49, 52, 53) . Accordingly, there is a critical need to develop effective, safe, long-term, and fertility-compatible non-surgical treatment options for UF management. Mechanistically, our finding that catalytically impaired CDK8/19 are nonetheless physically retained in Mediator suggests a possible avenue to rescue abeyant Mediator-associated kinase activity, as for example, with small molecule activators. This strategy, if effective, would ensure reactivation of CDK8/19 in its appropriate physiological context as an integral component of chromatin-bound Mediator. Future studies should clarify whether CDK8/19 represent viable therapeutic targets for the clinical management and/or treatment of UF patients.
Experimental procedures
Antibodies
Antibodies used for immunoprecipitation and immunoblotting assays were as follows: anti-MED12, Bethyl A300 -774A; anti-MED13, Bethyl A301-278A; anti-CDK8, Santa Cruz sc-1521; anti-CDK19, Sigma HPA007053; anti-CycC, BD Pharmingen 558903; anti-GST, GE Healthcare 27-457701. Rabbit polyclonal antibodies specific for MED30 and MED4 antibodies are generated as previously described (19) .
Cloning and mutagenesis
MED12 cDNA sequence encoding amino acids 1-330 were PCR amplified and cloned into pGEX6P-1. Site-directed mutagenesis of MED12 to generate L36R, Q43P, and G44S mutants was performed using a MED12 fragment spanning amino acids in 1-330 in pGEX6P-1. The baculovirus transfer vector pFastBac1-MED12-HA carrying a C-terminal hemagglutinin (HA) epitope tag appended to full-length MED12 has been described previously (21) . A CDK19 derivative carrying a C-terminal FLAG epitope tag (CDK19-FLAG) was generated by PCR amplification and cloned into pFastBac1. Additional pFastBac1 transfer vectors carrying CDK8 -FLAG (C-terminally FLAG-tagged CDK8), CycCH 6 (C-terminally His 6 -tagged CycC), and CBP-MED13 (MED13 N-terminally tagged with calmodulin-binding peptide) were generated as previously described (21) .
Baculovirus protein expression
pFASTBAC1 donor plasmids encoding MED12-HA, CDK8 -FLAG, CDK19 -FLAG, CycCH 6 , and CBP-MED13 were transformed into DH10Bac competent cells (Invitrogen). Following transformation and transposition of MED12-HA, CDK8-FLAG, CDK19-FLAG, CycCH6, and CBP-MED13 DNA open reading frames into bacmid DNAs, colonies containing recombinant bacmids were identified by disruption of the lacZ gene inside the bacmid DNA. The isolated recombinant bacmid DNAs from white LacZ Ϫ colonies, which were confirmed by PCR, were used for transfection of Sf9 insect cells. After three rounds of viral amplification, high-titer baculoviruses were used for infection of insect High Five cells (Invitrogen). 48 h postinfection, cells were resuspended and lysed with 0.5 M D buffer (500 mM NaCl, 0.1% Nonidet P-40, 0.1 mM EDTA, pH 8.0, 10% glycerol, 20 mM Hepes pH 7.9) using a Dounce homogenizer at 4°C. Lysates were clarified by centrifugation at 15,000 rpm for 30 min.
Immunoprecipitation/kinase assays from insect cells
Whole cell lysates from insect cells expressing MED12-HA, CycCH 6 , and either CDK8 -FLAG or CDK19 -FLAG were subjected to FLAG-specific immunoprecipitation (IP) for 2 h at 4°C in 0.2 M NaCl, D buffer and either eluted in Laemmli sample buffer followed by SDS-10% PAGE for immunoblot analysis using the indicated antibodies, or incubated with kinase reaction buffer (25 mM Tris, pH 7.5, 20 mM MgCl 2 ), 2.5 mCi of [␥-32 P]ATP, and 2 g of purified GST or GST-3xCTD substrate. Reactions were incubated for 30 min at 30°C, eluted in Laemmli sample buffer, processed by SDS-12% PAGE, stained Oncogenic MED12 mutations disrupt CDK8/19 activity with Coomassie Blue stain, and visualized by PhosphorImager analysis. 32 P-Labeled GST-CTD was quantified using Image-Quant software, and the level of phosphorylation in each IP/kinase reaction was expressed relative to that obtained in IP/kinase reactions reconstituted with CycC/CDK8/MED12 WT or CycC/CDK19/MED12 WT.
Whole cell lysates from High Five cells expressing CBP-MED13, MED12-HA-WT or MED12-HA-Mutants (L36R, Q43P, G44S), CycCH 6 , and CDK8 -FLAG or CDK19 -FLAG were subjected to HA-specific IPs. IPs were performed for 2 h at 4°C in 0.2 M NaCl, D buffer (200 mM NaCl, 0.1% Nonidet P-40, 0.1 mM EDTA, pH 8.0, 10% glycerol, 20 mM Hepes, pH 7.9). Immune complexes were washed in 0.2 M NaCl, D buffer and either eluted in Laemmli sample buffer followed by SDS-10% PAGE for immunoblot analysis, or subjected to kinase assay, which contained 25 mM Tris, pH 7.5, 20 mM MgCl 2 , 2.5 mCi of [␥-32 P]ATP, and 2 g of purified GST or GST-3xCTD substrate. 32 P-Labeled GST-3xCTD was resolved by SDS-12% PAGE, stained with Coomassie stain and visualized by Phos-phoImager analysis. The 32 P-labeled GST-3xCTD was quantitated using ImageQuant software, and levels of phosphorylation obtained in IP/kinase reactions reconstituted with MED12 mutant derivatives were relatively compared with levels obtained in reactions reconstituted with MED12 WT.
GST pulldown and kinase assays
Lysates from Escherichia coli BL21 cells expressing GST-MED12(1-330) WT or Mutant (L36R, Q43P, G44S) derivatives were incubated with glutathione-Sepharose 4B for 1 h at 4°C. Beads were washed 4 times with Lysis250 (50 mM Tris, pH 7.5, 250 mM NaCl, 5 mM EDTA) and immobilized GST-MED12(1-330) derivatives were then incubated with whole cell lysates from insect High Five cells expressing CycCH 6 /CDK8 -FLAG or CycCH 6 /CDK19 -FLAG for 1 h at 4°C. Complexes were washed 4 times in Lysis250 and either eluted in Laemmli sample buffer followed by SDS-10% PAGE for immunoblot analysis, or incubated with kinase reaction buffer (25 mM Tris, pH 7.5, 20 mM MgCl 2 ), 2.5 mCi of [␥-32 P]ATP and 2 g of purified GST or GST-3xCTD substrate. Reactions were incubated for 30 min at 30°C, eluted in Laemmli sample buffer, processed by SDS-12% PAGE, and stained with Coomassie stain and visualized by PhosphorImager analysis. 32 P-Labeled GST-CTD was quantified using ImageQuant software, and the level of phosphorylation in each IP/kinase reaction is expressed relative to that obtained in reactions reconstituted with CycC-CDK8-MED12(1-330) WT or CycC-CDK19 -MED12(1-330) WT complexes.
Immunoprecipitation from human tissue samples
Written informed consent was obtained from patients and these studies were approved by the appropriate ethics review board of the Helsinki University Central Hospital, Finland, and Institutional Review Board of the University of Texas Health Science Center at San Antonio. Fresh frozen tissues, including myometrium and UFs (MED12 mutation negative and MED12 mutations positive) from women undergoing hysterectomy or myomectomy were used for study purposes. All samples were screened for MED12 exons 1 and 2 mutations using Sanger sequencing as reported previously (28, 36) .
Tissues were homogenized at 4°C in protein lysis buffer (40 mM Tris, pH 7.4, 500 mM NaCl, 0.5% sodium deoxycholic acid, 1% Triton X-100, and 1 mM EDTA). Tissue homogenates were precleared by incubation with protein A-agarose. Anti-MED12 antibody, covalently coupled to protein A-agarose, was mixed with each sample. As a negative control, tissue homogenates were incubated with normal rabbit IgG-agarose conjugate (Santa Cruz Biotechnology, Inc.). Immunoprecipitation reactions were carried out for 3 h at 4°C on a rocking platform. The beads were washed three times with wash buffer (40 mM Tris, pH 7.4, 500 mM NaCl, 1 mM EDTA). Immunoprecipitates were either eluted in Laemmli sample buffer prior to SDS-10% PAGE for immunoblot analysis, or subjected to an in vitro kinase assay in the presence of 25 mM Tris, pH 7.5, 20 mM MgCl 2 , 2.5 mCi of [␥-32 P]ATP and 2 g of purified GST or GST-3xCTD substrate. The 32 P-labeled GST-3xCTD was quantitated using Image-Quant software, and phosphorylation levels obtained in IP/kinase reactions from MED12-mutant tumor lysates were relatively compared with those in patient-matched MED12 WT tumor lysates.
